This paper presents a study on the fixed-bed pyrolysis of debarking residue obtained from Norway spruce. 9
transfer resistance on the overall conversion process of the fuel. It was found that for the reactor 113 configuration with a diameter of 10 cm used by researchers, high temperatures and long residence times were 114 required in order to complete the devolatilization of the material. However, thus far no attempt has been 115 made to study the effect of physical factors like fuel bed density and porosity on the pyrolysis yields at low 116 heating rates in a fixed-bed reactor. 117
As a consequence, the aim of this study is to investigate the effect of fuel bed density and porosity as well as 118 various combinations of particle size and sweep gas flow on the pyrolysis product yields and their influence 119 on tar cracking. For these purposes, we develop a detailed dynamic model of fixed-bed pyrolysis which is 120 calibrated against the experimental data obtained in this study. The paper is structured as follows: Section 2 121 presents the material and the set-up for fixed-bed pyrolysis experiments. This is subsequently followed the 122 experimental results and analyzes (Section 3). In Section 4 the model and the determination of reaction rates 123 for primary and secondary reactions as well as reaction enthalpies and the validation of the model with the 124 determined reaction rates and enthalpies are all outlined. Section 5 presents the discussion and analysis 125 before finally, in Section 6, the results are summarized and the conclusions presented. 126
Materials and methods

127
Material
128
The material for the experiments was collected from the Metsä Wood Sawmill in Vilppula, Finland. The 129 debarking residue is composed of thin, irregularly shaped shavings of stem wood chips and spruce bark 130 (3:7). The particle size distribution of the material is presented in Table 1 . 131 Prior to the fixed-bed experiments, the material was dried for two weeks at room temperature. In each 137 experiment approximately 100 g of material was used and the sample was loaded into a sample basket which 138 was then inserted into the reactor that comprised of a metal cylinder surrounded by a temperature controlled 139 furnace. Temperature measurements were obtained from inside the fuel bed with three M-type 140 thermocouples, at 11, 15 and 20 cm from the top of the reactor and data from these was logged every 4-5 141 seconds. 142
In the first two experiments, the samples were heated to a target temperature of 500 C, in the third and 143 fourth to 700 C and in the final one 600 C. All samples were heated at a pre-programmed wall heating rate 144 of 6 C/min and the material was held for one hour at the specified temperature with the exception of the first 145 sample, which was held at the final temperature for three hours prior to switching off the furnace. In order to 146 collect the condensable gases, the products from the pyrolysis reaction were directed into a water-cooled 147 condenser with an exit that was connected to a glass flask immersed in icy water. This set-up allowed liquid 148 phase samples to be collected into a glass bottle throughout the experiment. The hose from the bottle outlet 149 was connected to a diverter T valve, and its two other outlets were connected to an extraction hood and to a 150 gas collection bottle. The gas sample was collected only after the pyrolysing material reached the target 151 temperature and nitrogen was used to purge the pyrolytic gas from the reactor at a rate of 2 l/min. 152 8 On completion of the experiment, the solid residue and the collected liquid samples were all weighed. The 153 liquid product composition was analyzed with Perkin-Elmer GC-MS, 5% phenyl column (30 m x 0.25 mm x 154 0.25 um), where helium was the carrier gas (1 l/min). The oven temperature was programmed to rise from 60 155 to 260 °C at a rate of 10 K/min and then held at 260 °C for 10 min. The gaseous product composition was 156 analyzed using a Varian CP 3800 gas chromatograph featuring a capillary column (CP sil 5, 5 um, 60 m x 157 0.32 mm) and helium carrier gas for hydrocarbon analysis. H 2 , O 2 , N 2 , CO and CO 2 concentrations were 158 quantified with a molecular sieve (packed bed columns, 1.5 m x 3.2 mm) and the carrier gas utilized was 159 argon. The reactor set-up used in the experiments is presented in Fig. 1 . 
TGA experiments 163
The material used in the TG experiments was divided into two batches: one batch was air dried overnight at 164 room temperature, whilst the second batch was dried in an oven at 90 °C for two weeks. Air-dried samples 165 were cut into small pieces before the TGA tests, whereas the oven-dried batch was crushed in a Retsch 166 PM100 ball mill and the subsequent powder obtained was sieved. The milled material was screened and 167 separated into two batches, one with particles <500 µm (the largest share of which had a size less than 125 168 µm) and another with particles > 500 µm, which did not pass through the sieve due to their shape. The batch 169 with particles > 500 µm consisted primarily of needle-shaped pure wood particles while, in contrast, the 170 other batch contained both bark and wood powder. TGA was then performed on air-dried wood and bark 171 samples, on both fractions of milled samples and on a mixture of the two milled fractions with a 2:5 ratio. In 172 each experiment, the sample was heated to 900 C at a heating rate of 80 K/min and the char yield was 173 calculated as the ratio between the ash free sample weight at 900 C and the ash free sample weight at 110 174 C. Similarly, the moisture content was calculated as a ratio between the sample weight at 110 C and the 175 initial sample weight. The TG device used was a Perkin Elmer TGA 4000 and the experiments were 176 performed under a nitrogen atmosphere (20 ml/min) with approximately 10 mg of the material used in each 177 experiment. 178
Experimental results
179
Analysis of the results focused on determining the effect of final temperature on product yields, the 180 composition of gaseous/liquid samples and the approximate composition of the solid residue. The analysis of 181 the effect of the final temperature on pyrolysis product yields revealed a strong correlation: yields of solid 182 and liquid products were inversely proportional to the temperature, as depicted in Fig. 2 . The liquid phase 183 yield showed a strong dependence on temperature while, in contrast, the solid phase yield had only a 184 marginal dependence. The holding temperature not only affected the yield of liquid but also its composition -185 as outlined in Table 3 . The most significant change in composition was observed during the transition from 186 600 to 700 °C that resulted in a higher phenolics concentration and increased the fraction of unknown 187 compounds. Furthermore, the significantly lower content of anhydrosugars recorded at this temperature 188 suggested that the conversion of cellulose derivatives was greater than at 500 or 600 °C. In addition, this 189 observation suggests that in order for the anhydrosugars to undergo further conversion at 700 C the 190 residence time of these compounds has to be long enough. In addition to the decrease of anhydrosugars, the 191 concentration of compound category M = 60 g/mol -the category which mainly comprised organic acids -192 also decreased. This observation was in marked contrast to the transition from 500 to 600 °C which 193 influenced the concentrations of the liquid samples only slightly. The large difference in anhydrosugars 194 content between 700 °C and 600 °C implies that the release of these components only occurs at rather 195 elevated temperatures. 196 The influence of the final pyrolysis temperature was also observed in the compositions of the gaseous 209 product and the gaseous product compositions formed during the pyrolysis experiments are presented in 210 Table 4 . Analysis of gas indicated that temperatures of 500 and 600°C primarily promoted the formation of 211 carbon dioxide and monoxide, whereas the transition to 700 °C caused a significant decrease in the 212 production of CO 2 , but had little effect on CO concentration. Moreover, the highest holding temperature 213 13 yielded significantly higher concentrations of hydrogen and methane, whilst also resulting in a marked 214 decrease in C 3 H 8 concentrations. 215 
217
Solid residue collected from the experiments indicated that conversion of volatiles was not complete even at 218 700 C. The residual pyrolytic content was found to be directly proportional to the final holding temperature, 219 as shown in Fig. 3 . In addition, results from the thermogravimetric analysis of the solid residue (presented in 220 hemicellulose and lignin decomposition was also conducted in order to fit the measured temperature profiles. 231
Mathematical model 232
The fixed-bed pyrolysis model describes the mass loss rate of the fuel in a small-scale cylindrical pyrolysis 233
reactor. In the model, the heat and mass transfer are governed by 2-D axisymmetric continuity equations 234 while the overall pyrolysis reaction is divided into pseudo components that not only capture the pyrolysis 235 kinetics of hemicellulose, cellulose and lignin but also the subsequent tar formation and cracking. Due to 236 presence of thin particles and the low heating rate, the material is approximated by a porous media, i.e., 237 continuous media assumption (Johansson et al., 2007) and thus internal temperature gradients are neglected. 238
The main equations of the model are presented in Table 7 and these include mass and energy conservation 239 equations for the solid phase, described by Eqs. The porosity of the fuel bed (void fraction between wood particles) was calculated to be 82 %. At the end of 279 the experiments fuel bed height decreased to 30 -40 % of the initial while sample mass decreased to 29-33 280 % of the initial mass. This resulted in the porosity increase by approximately 1-6 %. Therefore, the porosity 281 was assumed constant, since, as demonstrated by Zou and Yu (1996) and Porteiro and Patino (2010), bed 282 porosity strongly depends on particle sphericity and only loosely on particle size: for spheres of diameters 283 below 20 mm the 40 % decrease in particle size results in approximately 5 % porosity increase. Instead, 284 particle porosity increases considerably during pyrolysis, compared to the fuel bed porosity. Therefore, in the 285 simulations fuel bed porosity is considered to remain constant while particle porosity increases 286
proportionally to the extent of the pyrolysis reaction, as described by Eq. (13). 287
Results from the experiments suggested that the amount of forming char is independent of the final holding 288 temperature. The amount of char forming from each wood constituent was determined from the results by 289 Yang et al. (2007a) , with the exception of cellulose for which the amount of char was assumed to be 15 w% 290
and Table 6 outlines the assumed product yields from each wood polymer. In addition, Table 10 Energy continuity equation respectively, were chosen and the combinations of the considered kinetic parameters for the rate equations of 308 solid and tar decomposition are outlined in Table 9 . The results from the sensitivity analysis (Fig. 6) were 309 then compared with tar and solid yields resulting from the experiments conducted at 873 and 973 K while the 310 data from the experiment at 773 K was used for validation purposes. The results from the analysis suggested 311 that combination number 5 in Table 9 provided the best fit for both liquid and solid product yields. This 312 combination resulted in a gas formation trend from tar 4 cracking comparable with gas formation from Kraft 313 lignin pyrolysis studied by Ferdous et al. (2001) . 314 
21
The reaction enthalpies were determined by simulating the combinations of the following reaction heats: 323 lignin -400, -600, -1000 kJ/kg, cellulose: 0, -100 kJ/kg, hemicellulose: 0, -100, -200 kJ/kg. Additionally, it 324 was also assumed that the conversion of pyrolysis residue to tar and further tar cracking have neutral 325 pyrolysis heat. A simulated temperature profile at the location of TC2 was then compared with the 326 measurement by calculating the residual sum of squares (RSS) index and it found that the estimated reaction 327 heats of -100 kJ/kg for cellulose, -200 kJ/kg for hemicellulose and -600 kJ/kg for lignin, in total yielding -328 304 kJ/kg for the fuel, provided a good fit between the predicted experimental profile with the measured one. 329
The RSS index for each combination is reported in Fig. 7, which also presents The value obtained for pyrolysis enthalpy was incorporated into the model and the subsequent prediction was 342 validated against the measurements of all three thermocouples in experiments at three temperatures. Overall, 343 the model demonstrated a satisfactory accuracy, however, some discrepancies were observed for the TC3 344 measurement that was located closer to the center of the bed and was thus affected by the gas flow more 345 significantly than the other two thermocouples. The simulated gas profile suggested that the variations 346 observed in TC3 between different experiments were caused by a channeling effect within the fuel bed. Such 347 a channeling effect probably resulted from the particle orientation within the bed, since at locations close to 348 the bottom of the sample basket even a single particle can cause a large variation in the temperature profile. 349
This observation is supported by the fact that the simulated temperature of the gas flow at distances within 350 one particle diameter from the TC3 coincided with the measured temperatures as presented in Fig. 8 . The 351 rapid change in the heating rate of the experiment conducted at 500 C was presumed to result from particle 352 23 reorientation due to particle diameter decreases that occurred during the conversion process. 
Analysis and discussion
381
Analysis of the factors influencing the product yields investigated the effect of particle diameter, nitrogen 382 flow, bed density and porosity on product yields. The results from the analyses -which were all simulated up 383 to 10000 seconds -are presented in Fig. 11, Fig. 12 and Fig. 13 . One of the most important variables in the 384 thermal conversion of biomass is the particle diameter as it controls heat and mass transfer inside the bed. 385
Decreasing particle size improves mass transfer, but subjects the fuel to an increasing cooling effect from gas 386 flow. Tar yields demonstrated this dependence and increased as particle size decreased, nevertheless at the 387 highest flow rate tar yield, differences were found to be minimal between the two smallest particle sizes 388 investigated. A comparison between the gas phase and intraparticle tar cracking, presented in Fig. 12 , 389 26 indicated that gas flow affects tar decomposition in both phases. Higher gas flow rates improve the tar flow 390 out of the particles by decreasing the tar concentration in the gas surrounding the material and thus 391 diminishes the amount of tar cracking inside the particles. In contrast, the amount of tar cracking in the gas 392 phase is almost independent of sweeping gas flow but it is, to a large degree, dependent on the particle size. 393
Thus, the increased tar concentration in the gas phase for higher flows and subsequently larger magnitudes of 394 cracking reactions compensate the effect of increased gas velocity. However, despite the beneficial impact of 395 high gas flows on the tar content, these cool the fuel bed and prevent the material at the bottom of the bed 396 from reacting, an effect that is clearly demonstrated by the increased solid yield for higher flow rates. As a 397 result smaller particle diameters require longer holding times and temperatures in order to achieve the 398 complete conversion, especially, in the center of the fuel bed as was observed by Lamarche et al. (2013) . 399
Consequently, preheating of the sweeping gas can offer an effective way to increase tar yields for smaller 400 particle sizes by countering the cooling effect. Nevertheless, gas preheating along with the energy required 401 for particle size reduction may decrease the overall efficiency of the pyrolysis process and as a result the use 402 of large particle sizes may prove more beneficial when compared to smaller particles, for example, the 403 largest particle size (15 mm) demonstrated only an insignificant dependence of solid yield on gas flow. 404
Bed density and porosity also demonstrated a strong influence on product yields (Fig. 13) due to their effect 405 on heat transfer. This is shown in Fig. 14 , which compares the effective heat conduction coefficients of the 406 bed and wood of the fuel bed for the highest and lowest porosities. The average heat conduction coefficients 407 were calculated by averaging the coefficients given by Eqs. (4) and (5) over the computational domain. The 408 results revealed that the lowest porosity produced significantly more liquid (42 w%) when compared to the 409 case with the highest porosity (35 w%). These differences in the liquid yields originated from the tar 410 cracking inside the particles that for the lowest bed porosity was approximately 26 % lower than for the 411 highest porosity even though the fraction of tar cracking in the gas phase was equal for flows of 1 and 3 412 l/min. In addition, the material with the highest porosity reached the maximum tar yield at 773 K, while 413 lower porosities tended to increase liquid yields with temperature. Furthermore, as porosity increased, a 414 larger increase in the liquid yield was achieved with the increase in holding temperature. 415
27
In contrast to the liquid yield, the solid as well as the char yield were unaffected by both the porosity and bed 416 density, since yields of these products were mainly dependent on the holding temperature and time. The 417 results show that high bed porosities result in lower heat conductivity at temperatures where the heat 418 radiation is insignificant as under these conditions, the heat transfer occurs to a large extent through the 419 contact surface between particles and the gas populating the void spaces of the bed. Moreover, due to lower 420 density, the heat conductivity of the fuel bed with higher porosity initially tends to increase slightly more 421 rapidly than with the lowest one. In contrast, in denser fuels the effect of pyrolysis heat becomes more 422 noticeable as the mass concentration of wood increases, the exothermic effect is shown in Fig. 14 as an  423 overshoot in the heat transfer coefficient occurring after 5000 seconds. However, during the active pyrolysis 424 phase -which occurs in the range between 3000 and 4000 seconds -the less dense fuel bed underwent a 425 larger decrease in thermal conductivity as intraparticle porosity increased. Horttanainen et al. (2002) 426 observed a similar effect: lower fuel bed porosities improved heat transfer inside the bed and increased the 427 velocity of reaction front propagation. Thus, the results indicate that low bed porosities are desirable in order 428 to maximize the yield of liquid products. 429 
